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(57) ABSTRACT

We examined IQGAP1 copy gain and its relationship with
clinicopathologic outcomes of thyroid cancer and investi-
gated its role in cell invasion and molecules involved in
the process. We found IQGAP1 copy number (CN) gain ?3 in
1 0of 30 (3%) of benign thyroid tumor, 24 of 74 (32%) folli-
cular variant papillary thyroid cancer (FVPTC), 44 of 107
(41%) follicular thyroid cancer (FTC), 8 of 16 (50%) tall cell
papillary thyroid cancer (PTC), and 27 of 41 (66%) anaplastic
thyroid cancer, in increasing order of invasiveness of these
tumors. A similar tumor distribution trend of CN ?4 was also
seen. IQGAP1 copy gain was positively correlated with
IQGAP1 protein expression. It was significantly associated
with extrathyroidal and vascular invasion of FVPTC and FTC
and, remarkably, a 50%-60% rate of multifocality and recur-
rence of BRAF mutation-positive PTC (P=0.01 and 0.02,
respectively). The siRNA knock-down of IQGAP1 dramati-
cally inhibited thyroid cancer cell invasion and colony for-
mation. Co-immunoprecipitation assay showed direct inter-
action of IQGAP1 with E-cadherin, a known invasion-
suppressing molecule, which was upregulated when IQGAP1
was knocked down. IQGAPI1, through genetic copy gain,
plays an important role in the invasiveness of thyroid cancer
and represents a useful prognostic marker and therapeutic
target for this and other cancers.
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GENETIC AMPLIFICATION OF IQGAP1 IN
CANCER

This invention was made using a grant from the U.S.
National Institutes of Health. The U.S. government therefore
retains certain rights in the invention, according to the terms
of NIH RO-1 grant CA113507.

TECHNICAL FIELD OF THE INVENTION

This invention related to the area of cancer prognosis and
therapeutics. In particular, it relates to a gene that is amplified
in human cancers.

BACKGROUND OF THE INVENTION

The human IQGAP protein family comprises three mem-
bers, which, as scaffold proteins, play important roles in the
regulation/modulation of cytoskeletal architecture and cell
adhesion through binding to various effectors/regulators
(1-4). Among these, IQGAP1 has been best characterized
(3-6). This protein was initially identified in human osteosa-
rcoma cells and consists of a 1,657-amino acid polypeptide
with significant similarity to the Ras-related GTPase-activat-
ing (RasGAP) proteins (7). A unique structural feature of
IQGAP proteins is their IQ domain, which contains about 25
amino acids and is found in diverse families of calmodulin-
binding proteins. This motif is capable of effecting on intra-
cellular Ca2+ signaling and a wide range of cellular activities.
Some previous studies showed that IQGAP1 might be able to
modulate the Ras—=Raf+>MEK—->MAP kinase/ERK path-
way (MAP kinase pathway) in certain cells, but it can also
function independently of this mechanism (8-10). Overex-
pression of IQGAP1 was seen in certain cancers, suggesting
a role of this molecule in human tumorigenesis (3, 4, 11-13).
IQGAP3 may potentially also have such a role as it was
shown to be involved in cell proliferation (2). IQGAP2 has
been less well studied and may function as a tumor suppressor
.

Follicular epithelial cell-derived thyroid cancer is a com-
mon endocrine malignancy (14). This cancer can be histo-
logically classified into papillary thyroid cancer (PTC), fol-
licular thyroid cancer (FTC), and anaplastic thyroid cancer
(ATC). PTC can be further classified into several variants or
subtypes, including mainly conventional PTC (CPTC), folli-
cular variant PTC (FVPTC), and tall cell PTC (TCPTC). A
striking genetic alteration in PTC is the BRAF mutation,
which plays an important oncogenic role through activation
of'the MAP kinase pathway (15-17). ATC is a rare but rapidly
lethal cancer with aggressive invasion and metastasis. PTC
and FTC are both differentiated thyroid cancers with a rela-
tively indolent clinical course, but FTC is generally more
invasive and aggressive than PTC except for certain types,
such as TCPTC, which is also relatively aggressive (18, 19).
FTC and FVPTC tend to display invasive behaviors, such as
vascular invasion (20). It is not known whether IQGAP pro-
teins play any role in thyroid tumorigenesis or whether it
determines aggressiveness our outcome in other cancers.
There is a continuing need in the art to obtain better tools for
diagnosing, prognosing, and treating human cancers.

SUMMARY OF TILE INVENTION

According to one aspect of the invention a method is pro-
vided for categorizing a human tissue sample. An increased
copy number of IQGAP1 in the tissue sample is detected
relative to its copy number in normal tissue or relative to copy
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number of a reference gene in the tissue sample. The tissue
sample is then assigned to a group based on its IQGAP1 copy
number.

According to another aspect of the invention a method is
provided for treating a human cancer. An inhibitor of
IQGAP1 protein or its expression is administered to a patient
with cancer. The treatment can diminish the invasiveness or
spread of the cancer.

According to yet another aspect of the invention a method
is provided for identifying candidate drugs for treating human
cancers thathave a copy number of IQGAP1 of greater than 2.
A test substance is contacted with IQGAP1 and E-cadherin. A
test substance that inhibits binding of IQGAP1 to E-cadherin
is identified as a candidate drug for treating a human cancer
that has a copy number of IQGAP1 of greater than 2.

These and other embodiments which will be apparent to
those of skill in the art upon reading the specification provide
the art with ways to stratify, categorize, and treat cancers on
the basis of genetic characteristics.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows immunohistostaining (IHS) of IQGAPI in
thyroid cancer. Presented are representative tumor samples
with various IQGAP1 copy numbers (CNs) and correspond-
ing THS of the IQGAP1 protein. A brown color of staining
using anti-IQGAP1 antibodies represented IQGAP1 protein.
Cases A, B, and C represent IHS scores I, 11, and III, respec-
tively, as defined in Example 1. Corresponding IQGAP1 CNs
are indicated in the brackets.

FIGS. 2A-2B show effects of shRNA knockdown of
IQGAP1 or IQGAP3 on the invasion of thyroid cancer cells.
SW1736, KAT18, and FTC133 cells, at a density of 2.5x104
cells/well, were seeded on Matrigel invasion chamber plates
and cultured in routine medium for 22 hours. Invasive cells
that penetrated through pores and migrated to the underside
of the membrane were stained by crystal violet and photo-
graphed under a microscope. FIG. 2A shows representative
results on the invasion assay of three thyroid cancer cells.
FIG. 2B is a histogram plots of the number of invading cells
corresponding to FIG. 2A for each cell type. “(C)” denotes
cell transfection with shRNA containing scrambled nucle-
otides; “(S)” denotes cell transfection with specific shRNA to
knock down IQGAP1 or IQGAP3. ** P<0.01.

FIGS. 3A-3B. Effects of shRNA knockdown of IQGAP1
and IQGAP3 on anchorage-independent colony formation of
thyroid cancer cells. SW1736 and FTC133 cells stably trans-
fected with control shRNA or specific shRNA to knock down
IQGAP1 or IQGAP3 were seeded in 6-well plates in 0.3%
agar over a bottom layer of 0.6% agar and treated with routine
medium plus 1.5 mg/ml, puromycin. After 2-3 weeks, cell
colony numbers were counted under microscope and cell
colonies were photographed. FIG. 3A, representative results
of colony formation of SW1736 and FTC133 cells. FIG. 3B,
histogram plots of colony numbers corresponding to A for
each cell type. Only cell colonies containing more than 50
cells were counted. KAT18 cells did not grow on soft agar.
“(C)”, cell transfection with shRNA containing scrambled
nucleotides; “(S)”, cell transfection with specific shRNA to
knock do IQGAP1 or IQGAP3. *, P<0.05; **, P<0.01.

FIGS. 4A-4B shows western blotting and immunoprecipi-
tation (IP) analysis of the relationship of IQGAP1 with other
signaling molecules in thyroid cancers. Thyroid cancer cell
lines with stable transfections were lysed for Western blotting
after 24 hours of serum starvation. FIG. 4A shows the western
blotting analysis of the levels of IQGAP1, E-cadherin, cdc42,
phosphorylated FAK (pFAK), phosphorylated Src (pSrc),
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and B-actin before and after IQGAP1 knockdown. Specific
and virtually complete knockdown of IQGAP1 was seenin all
the three cells. All other indicated proteins were expressed in
all the cells except for E-cadherin, which was expressed only
in SW1736 cells. An interesting upregulation of E-cadherin
after the knockdown of IQGAP1 was seen in SW1736 cells.
FIG. 4B shows the IP of cell lysates from normal wild-type
SW1736; cells using anti-IQGAP1 antibodies, followed by
Western blotting of the immunoprecipitates with antibodies
against the indicated proteins. Specific co-IP of E-cadherin,
but not cdc42, with IQGAP1 was seen. This only occurred
with specific monoclonal anti-IQGAP1 antibodies but not
nonspecific control mouse IgG. “C”, cell transfection with
shRNA containing scrambled nucleotides; “S”, cell transfec-
tion with specific shRNA to knock down IQGAP1. “Input”
using Y100 of the amount of lysates used for IP was directly run
for immunoblotting analysis as control to show the proteins of
interest.

DETAILED DESCRIPTION OF THE INVENTION

The inventor has investigated the oncogenic role of
IQGAPI1 in cancer and its potential as a prognostic marker
and therapeutic target in cancer. A genetic copy gain of
IQGAP1 was found to be associated with increased invasive-
ness and aggressiveness of thyroid cancer. [QGAP1 genetic
copy gain was preferentially seen in aggressive types of thy-
roid cancer and highly associated with extra-thyroidal and
vascular invasion. In BRAF mutation-positive papillary thy-
roid cancer (PTC), IQGAP1 copy gain was associated with a
tumor recurrence rate of 60%. In vitro knockdown of
IQGAP1 dramatically inhibited thyroid cancer cell invasion.
The clinical implications of these results are at least two: (i)
IQGAP1 copy gain can be used to predict invasiveness and
aggressiveness of thyroid cancer and, when coexisting with
BRAF mutation is a particularly powerful predictor for can-
cer recurrence; (ii) IQGAP1 represents a therapeutic target
for cancers, including thyroid cancers.

Copy number gain may be assessed by any means known in
the art. These include without limitation, FISH (fluorescent in
situ hybridization), In situ hybridization, Molecular cytoge-
netics, Virtual Karyotype, Happy mapping, Single Molecule
RNA, Fiber FISH, Q-FISH, Flow-FISH, and digital karyo-
typing. Variations and alternatives to these techniques can be
used. The gain can be measured using either a reference gene
in the same tissue as the test tissue or using the IQGAP1 gene
in a reference (normal) tissue. The amplification that has been
observed has been relatively modest, with copy numbers of
greater than 2, greater than 3, or greater than 4, although
larger gains are possible, such as greater than 5, 6, 7, 8, 9, or
10 copies.

IQGAP1 is the official symbol for the gene named 1Q motif
containing GTPase activating protein 1 in Homo sapiens.
Other names for this gene include HUMORFAOL1,
KIAA0051, SAR1, p195, RasGAP-like with IQ motifs; and
ras GTPase-activating-like protein IQGAP1. The gene is
located on chromosome 15 at location: 15926.1 in the human
genome. Its annotation is chromosome 15, NC__000015.9
(90931473 . . . 91045475). The protein contains four 1Q
domains, one calponin homology domain, one Ras-GAP
domain and one WW domain. It interacts with components of
the cytoskeleton, with cell adhesion molecules, and with sev-
eral signaling molecules to regulate cell morphology and
motility. See NP__003861.

Human tissue samples which can be tested include any that
are suspected of being neoplastic. These include thyroid,
lung, colorectal, ovarian, melanoma, acute lymphocytic leu-
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kemia (white blood cells), glioblastoma, hepatocellular car-
cinoma, prostate, and pancreas. Other tissues which may be
tested are skin, liver, kidney, head and neck, lymph tissue,
cervix, testes, uterus, esophagus, and brain. Tissue samples
can be obtained by any means known in the art, including
without limitation, by biopsy, by aspiration, or from a surgical
sample.

Groups that are formed based on the copy number may be
either copy number gain or no gain. They may be further
divided based on the amount of gain that is observed. For
example, tissues that have a greater than 4 may be put in a
separate group from those with a copy gain of 2. In addition,
groups can be formed based on this factor in addition to other
factors. Other factors may be independent prognostic or diag-
nostic factors, including age, gender, ethnic origin, other
genetic markers, smoker, family cancer history, environmen-
tal exposure to carcinogens, etc. One such other factor is a
BRAF mutation which is prevalent in certain tumors. The
most prevalent of the mutations is T1796A (V600E). This
mutation synergizes with IQGAP1 mutations, particularly in
leading to a more aggressive tumor phenotype. Groups that
are formed based on the presence or absence of copy number
gain or the amount of gain of copy number can be used to
formulate and/or provide a prognosis, to formulate and/or
provide a diagnosis, to prescribe a treatment, to prescribe a
monitoring schedule, and to stratify patients in a clinical trial.
Typically, formulating a treatment, diagnosis, or prognosis
will be done using tools such as graphs, computer programs,
data tables, etc. More than a mere mental act is required. The
treatment, diagnosis, prognosis, etc. will typically be
recorded on a storage medium. The treatment, diagnosis,
prognosis, etc. will typically be communicated to a patient or
to other medical personnel.

Human cancers can be treated using one or more inhibitors
of IQGAPI protein or its expression. Suitable inhibitors
include an inhibitory RNA molecule, such as a siRNA, an
antisense RNA, an antisense DNA construct, and an antibody,
whether polyclonal, monoclonal, fragmented, single chain,
chimeric, hybrid, etc. Cancers which are amenable to such
treatments include without limitation: thyroid, lung, colorec-
tal, ovarian, melanoma, acute lymphocytic leukemia (white
blood cells), glioblastoma, hepatocellular carcinoma, pros-
tate, head and neck, brain, pancreas, skin, liver, kidney, head
and neck, lymph tissue, cervix, testes, uterus, esophagus, and
brain. In some cases the human cancers have been tested and
determined to have a copy number greater than 2 of IQGAP1,
copy number greater than 3 of IQGAP1, copy number greater
than 4 of IQGAP, a BRAF mutation, and combinations of one
of'said IQGAP copy numbers and a BRAF mutation. In other
cases the testing for copy number and/or BRAF is used prior
to the treatment to determine eligibility and likely benefit.

Candidate drugs can be identified for treating human can-
cers that have a copy number greater than 2, 3, or 4 of
IQGAPI1. A test substance is contacted with IQGAP1 and
E-cadherin. The contacting can be done in vitro or in cells,
such as in a two-hybrid assay, for example. A test substance
that inhibits binding of IQGAP1 to E-cadherin is identified as
a candidate drug for treating a human cancer thathas a greater
than 2, 3, or 4 copy number of IQGAP1. A candidate drug can
be further tested for its ability to affect growth, invasiveness,
or spread of a human cancer that has a greater than 2, 3, or 4
copy number of IQGAPI. Such tests can be done advanta-
geously in animal models, such as in a mouse with a human
xenograft. The human xenograft will have an appropriate
copy number gain of IQGAP1. Cancers which may be used to
test or as ultimate recipients of a drug include without limi-
tation, thyroid, lung, colorectal, ovarian, melanoma, acute
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lymphocytic leukemia (white blood cells), glioblastoma,
hepatocellular carcinoma, prostate, head and neck, brain,
pancreas, skin, liver, kidney, head and neck, lymph tissue,
cervix, testes, uterus, esophagus, and brain.

Genomic IQGAP1 copy gain is found in thyroid cancers,
with a preferential association with invasive types of thyroid
cancer, such as, ATC, TCPTC, and FTC. The IQGAP1 gene is
located at 15926, achromosome area that is frequently ampli-
fied in many human malignancies, but contains a number of
genes. IQGAP1 expression is enhanced in many cancers (4)
and was associated with IQGAP1 copy number gain in gastric
cancer cell lines (11). The IQGAP1 copy gain is a gene-
specific event in thyroid cancer; IQGAP3 did not show copy
gain. Moreover, only rare copy gain of TMEMS84 was
observed, a gene that is located at 15923, about 20 Mb from
IQGAPI1 in the same chromosome, in striking contrast with
the frequent copy gain of the IQGAP1 gene. Therefore,
IQGAP1 copy gain in thyroid cancer is likely due to the
amplification of the gene rather than aneuploidy. The fact that
IQGAP1 copy gain was associated with protein expression
and poorer clinicopathologic outcomes provides strong sup-
port for the functional relevance of this genetic alteration.
This also suggests that IQGAP1 copy gain in thyroid cancer
is sufficient to play a significant amplifying role in the path-
way cascade involving IQGAPI1.

It is interesting that IQGAP1 copy gain-associated tumor
invasiveness occurred mainly in FTC and FVPTC among the
thyroid tumors. It is well known that invasion, including
vascular invasion, is a particularly strong feature of these
follicular types of thyroid cancer. The association of IQGAP1
copy gain with thyroid cancer invasion and aggressiveness is
consistent with previous reports of over-expression of
IQGAP1 in the invasion fronts of some cancers, such as,
colorectal cancer (12) and ovarian cancer (13). Our in vitro
studies using ATC- and FTC-derived cancer cell lines further
support a role of IQGAP1 in thyroid tumorigenesis by show-
ing remarkable inhibition of cell invasion in in vitro assays
and reduction of colony formation on soft agar of thyroid
cancer cells by IQGAP1 knockdown. These in vitro data are
consistent with and support the clinico-pathologic correlation
findings of IQGAP1 in thyroid cancers in this study. The
contrasting infrequent copy gain of the IQGAP3 gene and the
lack of a role of IQGAP3 in cell colony formation and inva-
sion support the specific role of IQGAP1 in thyroid tumori-
genesis.

Promotion of cell growth and proliferation may not be the
major effect of IQGAP1 in cancer. This is consistent with the
inability of IQGAP1 to interact with the MAP kinase and
PI3K/Akt pathways in thyroid cancer cells, which are major
signaling pathways that promote thyroid cancer cell prolif-
eration (15-17). In this regard, thyroid cancer cells are difter-
ent than some other cancer cells in which IQGAP1 may
interact with the MAP kinase pathway (8-40). However,
upregulated IQGAP1 system through IQGAP1 copy gain and
aberrant activation of the MAP kinase pathway through
BRAF mutation may synergistically promote a poor clinical
course of PTC; BRAF mutation-positive PTC, but not BRAF
mutation-negative PTC, demonstrated an association
between IQGAP1 copy gain and tumor multifocality and
recurrence. BRAF mutation’s well established role in the
aggressiveness of PTC (22), is consistent with its synergism
with the invasiveness-promoting IQGAP1 copy gain and poor
clinical outcome. This phenomenon is similar to the previ-
ously reported association of PIK3CA gene copy gain with
increased recurrence of thyroid cancer when coexisting with
BRAF mutation (33). The prevalence of BRAF mutation in
PTC is relatively high, around 45% on average (21, 22). It
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may be possible to use the combination of the two genetic
markers to identify a small group of PTC patients with a
particularly high risk of recurrence for more aggressive treat-
ments.

The transmembrane protein E-cadherin was shown to
directly interact with the IQGAP]1 protein in thyroid cancer
cells, as similarly seen in some other cells (34). Interestingly,
an upregulation of E-cadherin protein results from IQGAP1
knockdown in thyroid cancer cells, suggesting that IQGAP1
normally functions to negatively regulate E-cadherin in thy-
roid cancer cells. Over-expression of IQGAP1 through
IQGAP1 copy gain may thus be expected to cause downregu-
lation of E-cadherin in thyroid cancer cells although we did
not directly test this. An important function of E-cadherinis to
enhance cell adhesion and prevent proteolytic degradation of
the surrounding tissue and inhibit cell motility, thus prevent-
ing cancer cells from invading and metastasizing (31). E-cad-
herin was also reported to be able to suppress transformation
of colorectal cells (35), consistent with the inhibition of
colony formation of thyroid cancer cells on soft agar induced
by IQGAP1 knockdown in this study. Thus, disruption of
E-cadherin may be an important mechanism underlying the
association of IQGAP1 copy gain with the invasiveness and
aggressiveness of thyroid cancers and, conversely, the inhi-
bition of cell invasion and anchorage-independent colony
formation of SW1736 cells by IQGAP1 knockdown. Obvi-
ously, other mechanisms remain to be also identified.

IQGAPI plays an important role in the invasiveness and
aggressiveness of cancer through genomic IQGAP1 copy
gain, which is consistent with the role of IQGAP1 in cancer
cell invasion and anchorage-independent colony formation as
well as the direct interaction of IQGAP1 with E-cadherin and
the negative effect of the former on the expression of the
latter. IQGAP1 copy gain synergizes with BRAF mutations to
promote a poorer clinical outcome.

The above disclosure generally describes the present
invention. All references disclosed herein are expressly incor-
porated by reference. A more complete understanding can be
obtained by reference to the following specific examples
which are provided herein for purposes of illustration only,
and are not intended to limit the scope of the invention.

EXAMPLE 1
Materials and Methods

Genomic DNA Isolation from Thyroid Tumor Specimens

A total of 383 thyroid tumor samples were analyzed for this
study, including 30 benign tumors, 205 PTC, 107 FTC, and 41
ATC, which were originally obtained and prepared for
genomic DNA isolation with institutional review board
approvals (23). In brief, after xylene treatment to remove
paraffin, tissues were digested with sodium dodecyl sulfate-
proteinase K and DNA was subsequently isolated following
standard phenol-chloroform extraction and ethanol precipi-
tation protocols.
Analysis of IQGAP1 Mutation in Thyroid Tumor Samples

Genomic DNA sequencing was done for IQGAP1 muta-
tion analysis. We selected exons 19 to 23 and exon 29 for
mutation analysis, as they constitute the 1Q domain of
IQGAP1 or sometimes harbored mutations in other cancers.
Genomic DNA was amplified by PCR, using standard reac-
tion conditions.
Analysis of Genomic Copy Gain of the IQGAP Genes with
Quantitative Real-Time PCR

Quantitative real-time PCR was used to analyze copy num-
ber (CN) of IQGAP1 and 3 genes using the ABI 7900HT PCR
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system (Applied Biosystems). This is a widely used and
robust technique for genomic CN analysis, for which we use
our well-established FISH-proven protocol as detailed previ-
ously (23-26). Specific primers and probes were designed
using Primer Express 3.0 (Applied Biosystem) to amplify and
detect IQGAP1, IQGAP3, TMEMS84, and f-actin genes. The
probes were labeled with 5' fluorescent reporter dye (6FAM)
and 3' quencher dye (TAMRA). f-Actin was run in parallel to
standardize the input DNA. Standard curve was established
using normal leukocyte DNA with a quantity range 0 0.02-10
ng/ul.
Analysis of IQGAP1 Protein Expression by Immunohis-
tostaining

Immunohistostaining (IHS) was done using a modified
protocol (23). In brief, thyroid tumor tissue sections were
dewaxed, soaked in alcohol, and incubated in 3% hydrogen
peroxide for 15 minutes to inactivate endogeneous peroxi-
dase activity after microwave treatment in an antigen-un-
masking solution (Vector Lab). Tissue sections were incu-
bated overnight at 4° C. with anti-IQGAP1 antibody (BD
Biosciences). Immunostaining was done with Vectastain Uni-
versal Quick kit (Vector Lab) following the manufacturer’s
protocol. Peroxidase activity was revealed using 3,3-diami-
nobenzidine. Negative control was obtained by omission of
primary antibodies. We classified IHS into 3 levels repre-
sented by scores I-I11: THS score I, staining of <10% of cells;
THS score 11, staining of 10%-50% of cells; IHS score III,
staining of >50% of cells.
Thyroid Cancer Cell Lines

Three human thyroid cell lines used in this study were as
follows: the ATC cell lines SW1736 and KAT18 were origi-
nally from Dr. N. E. Heldin (University of Uppsala) and Dr.
Kenneth B. Ain (University of Kentucky Medical Center),
respectively; and the FTC cell line FTC133 was from Dr.
Georg Brabant (Christie Hospital). They were provided by
Drs. Rebecca Schweppe and Bryan Haugen (University of
Colorado). Cells were cultured and maintained as described
previously (26).
shRNA Plasmid Construction

Specific and scrambled control shRNAs were designed
using an online program of invitrogen Corp (rnadesigner).
The shRNA target sequence for IQGAP1, GCATCCACT-
TACCAGGATA (SEQ ID NO: 1), located from 763 to 781nt
(nucleotide) of the IQGAP1 cDNA (with the translation start
site set as +1), was selected for IQGAP1 gene knockdown.
The corresponding nonspecific shRNA duplex containing the
same nucleotide composition but in random sequence
(scrambled) were used as control: GCCACCCATA-
GAAATTTCG (SEQ ID NO: 2). The shRNA target sequence
for IQGAP3, GGACCTGAGCAAGCTAGAA (SEQ ID NO:
3), located from 4,005 to 4,023nt of the IQGAP3 cDNA was
selected for specific knockdown, and the corresponding non-
specific scrambled shRNA duplex (GCCAACGGACG-
TAATGAAG; SEQ ID NO:4) were used as control. There
were 2 complementary oligonucleotides, T-(target or control
sense)-TTCAAGAGA (SEQ ID NO: 5). -(target or control
antisense)-TTTTTTC (SEQ ID NO: 6). and
TCGAGAAAAAA (SEQ ID NO: 7). -(target or control
sense)-TCTCTTGAA (SEQ ID NO: 8). -(target or control
antisense)-A, synthesized for each target or control sequence
and annealed in vitro. The annealed double-stranded oligo-
nucleotides were cloned into the Hpal and Xhol sites of
shRNA lentiviral expressing vector pSicoR-PGK-puro
(Addgene Corp.; ref. 27) and confirmed by sequencing.
Lentiviral Mediated Gene Knockdown

The lentiviral shRNA-expressing vector, the packaging
plasmid PSPAX2, and the VSV-G envelope protein-coding
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plasmid pMD2G were cotransfected to HEK293T cells,
using Lipofectamine 2000 (Invitrogen) according to the
manufacturer’s protocol. After transfection for 48 hours, cel-
Iular supernatants were harvested and filtrated by passing
through filters with pore size of 45 pm. The lentiviral super-
natants were used to infect thyroid cancer cells. For stable
transfection, the transformants were selected in medium con-
taining 1.5 mg/mL puromycin for about 2 weeks. Stable cell
clones were confirmed by Western blotting analysis.
Western Blotting Analysis

Routine Western blotting procedures were followed as
described previously (26), using various primary antibodies,
including anti-IQGAP1, anti-IQGAP3, anti-E-cadherin, or
anti-cdc42 (BD Biosciences); anti-phospho-ERK, antiphos-
pho-Akt, or anti-actin (Santa Cruz Biotechnology); anti-
phospho-FAK (Invitrogen); or anti-phospho-Src (Cell Sig-
naling Technology).
Cell Proliferation Study

Cells (800/well) were seeded in quadruplets into a 96-well
plate and cultured with 2.5% serum. MTT assay was carried
out daily over a course of 5-6 days to evaluate cell prolifera-
tion as detailed previously (28).
Cell Invasion Assay

The invasion assay was carried out using Growth Factor
Reduced Matrigel invasion chambers with 8.0-um polycar-
bonated fillers (BD Biosciences). In brief, 2.5x104 cells were
seeded on chamber plates and cultured in routine medium.
After an incubation of 22 hours at 37° C. in a humidified
incubator with 5% CO2, nonmigratory cells on the upper
surface of the filter were removed by wiping with a cotton
swab. Invasive cells that penetrated through pores and
migrated to the underside of the membrane were stained with
crystal violet and counted and photographed under a micro-
scope.
Anchorage-Independent Colony Formation Assay

For colony formation assay to examine anchorage-inde-
pendent cell growth in soft agar, cells (1x104 cells/well) were
plated into 6-well plates in growth medium containing 10%
FBS, 1.5 mg/mL puromycin, and 0.3% agar, on top of 0.6%
agar gel. After 2-3 weeks of culture, colonies were counted
and photographed under a microscope (28).
Immunoprecipitation Assay

Immunoprecipitation (IP) was carried out using the Protein
G Immunoprecipitation Kit (Roche Applied Science) with
slight modifications. In brief, 1 mL cell lysates were pre-
cleared with 50 ul. homogeneous Protein G-agarose suspen-
sion for 6 hours. After centrifugation, the supernatants were
divided into equal aliquots (about 0.5 mL of each) and incu-
bated overnight with either mouse monoclonal anti-IQGAP1
antibody (BD Biosciences) or purified mouse IgG (Sigma-
Aldrich Corp.) as control. The immune complexes were incu-
bated with 50 ulL Protein G-agarose suspension for 6 hours,
followed by 5 washings with lysis buffer, resuspension in
SDS buffer, and analysis by SDS-polyacrylamide gel electro-
phoresis and Western blotting.
Statistical Analysis

Chi-square test was used to analyze the relationship of
IQGAP1 copy gain with THS scores, BRAF mutation, tumor
recurrence, lymph node metastasis, multifocality, and
extrathyroidal extension status. Fisher’s exact test was used
when the number of data was less than 5. Student’s t test was
used to analyze the relationship of IQGAP1 copy gain with
patient age and tumor size. Wilcoxon’s rank-sum test was
used when data was not in normal distribution. Linear regres-
sion was used to analyze the relationship between IQGAP1
CN and patient age, tumor stage, and tumor size. The profes-
sional statistical software SPSS 10.0 (SPSS Inc.) was used in
these analyses. P values<0.05 were considered significant.
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EXAMPLE 2

Uncommon Mutation but Common Genetic Copy
Gain of the IQGAP1 Gene in Thyroid Cancers

A M12311 IQGAP1 mutation was occasionally seen in
certain human cancers (29). We examined this mutation in 70
thyroid tumor samples but found only 1 case (1.4%) to harbor
this mutation. We also examined exons 19 to 23, which con-
stitute the functionally important IQ domain of IQGAP1, for
possible mutation, and found no mutation in 70 thyroid tumor
samples. Therefore, mutation of the IQGAP1 gene does not
seem to be a major mechanism in thyroid cancer.

As tumor-promoting genes often gain CN in thyroid cancer
(25), we analyzed IQGAP1 and IQGAP3 CN in various types
of thyroid cancers. As shown in Table 1, IQGAP1 copy gain
was common in thyroid cancers, seen in 66% and 41% of ATC
and FTC, respectively, when the CN=3 was used as the cutoff
value. The highest copy gain rate was seen in ATC, followed
by FTC, and PTC regardless of whether the cutoff value of
CN=z3 or CN=4 was used to define copy gain. Among the 3
subtypes of PTC, the most aggressive TCPTC has the highest
rate of IQGAP1 copy gain when the cutoft CN=3 was used in
the analysis (up to 50%). We also studied the CN of IQGAP1
in 30 benign thyroid tumors and 30 normal thyroid tissue
samples. Among all these samples, only 1 case of benign
tumor was identified with copy gain when a cutoff CN=3 was
used. Therefore, a clear trend of association between
IQGAP1 copy gain and the known order of increasing aggres-
siveness of these thyroid cancers was showed, suggesting an
important role of IQGAP1 copy gain in thyroid tumorigen-
esis. Fifteen of those normal thyroid tissue samples had
matched PTC tumor samples and 4 (27%) of these 15
matched PTC had IQGAP1 copy gain. These results showed
the malignancy specificity of IQGAP1 copy gain. We also
examined the CN of the TMEMS84 gene, which is located at
15923 and about 20 Mb away from the IQGAP1 gene in the
same chromosome. Only 1 of 60 (1.7%) cases examined,
including 30 PTC and 30 FTC, was found to have TMEM&84
copy gain. This result suggests that IQGAP1 copy in these
cancers represented mainly genetic amplification, not chro-
mosome number gain. For the IQGAP3 gene, copy gain was
seen only in 4/38 (10.5%) ATC, 4 0f 39 (10.3%) FTC, and 4
of' 85 (4.7%) PTC when using CN=3 as the cutoff value, and
1 0f 38 (2.6%) ATC, 0 of 39 (0%) FTC, and 2 of 85 (2.4%)
PTC, when using CN=z4 as the cutoff value. Thus, unlike
IQGAP1, copy gain of IQGAP3 is uncommon and does not
play a major role in thyroid tumorigenesis.

TABLE 1
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EXAMPLE 3

Association of IQGAP1 Copy Gain with Increased
Expression of IQGAP1 Protein in Thyroid Cancers

To show the biological relevance of genetic copy gain of
the IQGAP1 gene in thyroid cancer, we investigated the
impact ofthis genetic alteration on the expression of IQGAP1
protein by IHS analysis using IQGAP1-specific antibodies on
29 FTC samples that had available histopathologic slides.
FIG. 1 shows representative tumor samples illustrating the
THS scores and corresponding IQGAP1 CNs. Among the 9
cases without IQGAPI1 copy gain (CN<3), 6 (66.7%) had a
THS score 1, 2 (22.2%) had a score 11, and 1 (11.1%) had a
score III, whereas among the 20 cases with IQGAP1 copy
gain (CN=3), only 1 (5%) had a IHS score I, but 10 (50%) and
9 (45%) had cores II and III, respectively, with a significant
difference between the 2 groups on overall analysis (P<0.01).
To take a further look at specific groups, IHS score [ was seen
in 6 of' 9 (66.7%) of the cases with CN<3 versus 1 0of 20 (5%)
of'the cases with CN=z3 (P<0.001). Conversely, IHS scores 11
and I11, in combination, were seen in 3 of 9 (33%) of the cases
with CN<3 versus 19 of 20 (95%) of the cases with CN=3
(P<0.001). These data clearly showed an association of
IQGAP1 copy gain with increased expression of the [QGAP1
protein in thyroid cancer, showing that this IQGAP1
copy gain was biologically relevant with respect to expected
increase in IQGAP1 expression.

EXAMPLE 4
Association with Other Mutations

We did not find a significant association of BRAF mutation
with IQGAP1 copy gain either in the total PTC cohort or
within the subgroup of CPTC or FVPTC, suggesting that
IQGAP1 copy and BRAF mutation were two independent
genetic events (Table 2). TCPTC could not be analyzed due to
the relatively small number of cases. Similarly, we did not
find an association of Ras mutations with IQGAP1 copy gain.
Specifically, we found Ras mutations in 3 of 25 (12%) cases
of samples with IQGAP1 copy gain versus 4 of 38 (11%)
cases of samples without IQGAP1 copy gain (P=0.9).
Although not statistically significant, a strong trend for the
association of IQGAP1 copy gain with recurrence of PTC
(overall cases) was noted when the cutoft CN=4 was used
(Table 2). Interestingly, when we divided the PTC samples
into BRAF mutation-positive and -negative groups, [QGAP1
copy gain was significantly associated with tumor recurrence

IQGAP1 and IQGAP3 copy gain in thyroid cancers [n/N (%)]

IQGAP1 CN IQGAP3 CN
=3.0 =4.0 =3.0 =4.0

ATC 27/41 (65.9) 14/41 (34.1) 4/38 (10.5) 1/38 (2.6)
FTC 44/107 (41.1) 24/107 (22.4) 4/39 (10.3) 0/39 (0)
PTC

All 72/205 (35.1) 27/205 (13.2) 4/85 (4.7) 2/85 (2.4)
CPTC 40/115 (34.8) 17/115 (14.8) 2/54 (3.7) 1/54 (1.9)
FVPTC 24/74 (32.4) 8/74 (10.8) 2/25 (8) 1725 (4)
TCPTC 8/16 (50) 2/16 (12.5) 0/6 (0) 0/6 (0)

Abbreviations: n, the cumber of cases with the indicated [QGAP CN; N, the number of cases examined.
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in the BRAF mutation-positive group. Specifically, 14 of 63
(22.2%) cases without IQGAP1 copy gain versus 6 of 10
(60%) cases with copy gain were associated with tumor recur-
rence (P=0.02) when the cutoff CN=4 was used. A significant
association of IQGAP1 copy gain with tumor multifocality
was observed in CPTC that harbored BRAF mutation. Spe-
cifically, 4 of 56 (7.1%) cases without IQGAP1 copy gain
versus 4 of 8 (50%) cases with copy gain were associated with
multifocality (P=0.01) when the cutoff CN=4 was used.
These associations of IQGAP1 copy gain were not observed
in BRAF mutation-negative PTC (data not shown). Patient
age and gender, tumor size, and lymph node metastasis were
not significantly associated with IQGAP1 copy gain (data not
shown).

TABLE 2

10

12

Using this approach, we also successfully and stably knocked
down the IQGAP3 in these cells and observed no effect on
p-ERK and p-Akt. Therefore, IQGAP proteins did not seem
to play a significant role in the MAP kinase and PI3K/Akt
pathways in thyroid cancer. Consistent with this observation,
was the lack of significant effects of knockdown of IQGAPI,
as well as IQGAP3, on the proliferation of these cells.

EXAMPLE 6

Effects of shRNA Knockdown of IQGAP Proteins
on the Invasion of Thyroid Cancer Cells

As IQGAP1 copy in was associated with invasiveness and
aggressiveness of thyroid cancer in this study (Tables 1 and

Relationship of IQGAP1 copy gain with clinicopathologic outcomes of thyroid cancers [n/N (%)]

Cutoff CN =3.0 Cutoff CN =4.0
Clinicopathologic Copy gain Copy gain P Copy gain Copy gain P
Tumor types characteristics (+) =) value (+) (=) value
FTC Extrathyroidal invasion ~ 12/28 (42.9) 6/35 (17.1) 0.03  6/12 (50) 12/51 (23.5) 0.07
Vascular invasion 18/28 (64.3)  12/35 (34.3) 0.02  9/12 (75) 21/51 (41.2) 0.05
Cancer multifocality 2/29 (6.9) 1/35 (2.9) 059 11377 2/51 (3.9) 0.5
Tumor recurrence 3/29 (10.3) 8/35 (22.9) 0.32 2/13(154) 9/51 (17.6) 1
PTC (all) BRAF mutation 30/71 (42.3) 56/132 (42.4) 0.98 11/26 (42.3) 75/177 (42.4) 0.99
Extrathyroidal invasion ~ 23/71 (32.4) 38/132 (28.8) 0.59  9/26 (34.6) 52/177 (29.4) 0.59
Cancer multifocality 28/71 (39.4) 54/132 (40.9) 0.84 10/26 (38.5) 72/177 (40.7) 0.83
Tumor recurrence 12/60 (20) 20/113 (17.7) 071 7/24(29.2) 25/149 (16.8) 0.15
CPTC BRAF mutation 19/39 (48.7)  45/75 (60) 0.25 8/16 (50) 56/98 (57.1) 0.59
Extrathyroidal invasion ~ 15/39 (38.5)  30/75 (40) 0.87 5/16 (31.3)  40/98 (40.8) 0.47
Cancer multifocality 18/39 (46.2)  33/75 (44) 0.83  8/16 (50) 43/98 (43.9) 0.65
Tumor recurrence 6/31 (19.4)  14/61 (23) 0.69  3/15 (20) 17/77 (22.1) 0.86
FVPTC BRAF mutation 5/24 (20.8) 4/49 (8.2) 0.14  2/8(25) 7/65 (10.8) 0.25
Extrathyroidal invasion 4/24 (16.7) 2/49 (4.1) 0.09  3/8(37.5) 3/65 (4.6) 0.02
Cancer multifocality 7/24(29.2)  18/49 (36.7) 052 18 (12.5)  24/65(36.9) 0.25
Tumor recurrence 2/21 (9.5) 4/44 (9.1) 0.72  2/7(28.6) 4/58 (6.9) 0.12
PTC (w/BRAF) Tumor recurrence 9/25 (36) 11/48 (22.9) 0.23  6/10 (60) 14/63 (22.2) 0.02
CPTC Cancer multifocality 10/19 (52.6)  18/45 (40) 0.35 48 (50) 4/56 (7.1) 0.01
(w/BRAF)

Abbreviations:
1, the number of cases positive for the indicated clinicopathologic characteristics;
N, the number of cases examined

EXAMPLE 5

Effects of shRNA Knockdown of IQGAP Proteins
on the Signaling of MAP Kinase and PI3K/Akt
Pathways and Proliferation of Thyroid Cancer Cells

As MAP kinase and PI3K/Akt pathways played an impor-
tant role in promoting thyroid cancer cell proliferation (15-
17), we next examined whether IQGAP proteins were
involved in these signaling pathways in thyroid cancer cells.
We used the lentiviral-mediated-specific sShRNA-expression
system to stably knock down the expression of IQGAP pro-
teins in SW1736, KAT18, and FTC133 cells that have been
documented to be unique thyroid cancer cell lines (30).
Although there was no IQGAP1 or IQGAP3 copy gain in
these cells (date not shown), we reasoned that if IQGAP
proteins normally had a significant influence on these path-
ways, alteration in their expression should affect their signal-
ing. IQGAP1 expression was nearly completely knocked
down in all the 3 cells whereas the control cells stably trans-
fected with nonspecific shRNA maintained normal expres-
sion of IQGAP1. The p-ERK level was only slightly reduced
in FTC133 cells and was not changed at all in SW1736 and
KAT18 cells with IQGAP1 knockdown. There was no change
in p-Akt in any of these cells after IQGAP1 knockdown.
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2), we next used the Matrigel in vitro system to functionally
test whether IQGAP1 played a role in thyroid cancer
cell invasion. As shown in FIG. 2, knockdown of IQGAP1
dramatically inhibited the invasion of all the 3 thyroid cancer
cells whereas, in contrast, knockdown of IQGAP3 did not
have effect on the invasion of these cells. Thus, these data,
consistent with the results of clinicopathologic correlation
studies (Table 2), functionally show and confirm the specific
and important role of IQGAPI in the invasiveness of thyroid
cancet.

EXAMPLE 7

Effects of shRNA Knockdown of IQGAP Proteins
on Anchorage-Independent Colony Formation of
Thyroid Cancer Cells

Cell colony formation and expansion on soft agar requires
cells to invade and migrate peripherally. We therefore rea-
soned that, unlike cell proliferation in normal culture
medium, colony formation on soft agar could be affected by
interfering with IQGAP1 if the latter was important to thyroid
cancer cell invasion. Indeed, as shown in FIG. 3, cells with
specific IQGAP1 knockdown formed anchorage-indepen-
dent colonies in soft agar with smaller size or number com-
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pared with cells transfected with control shRNA expressing
scrambled nucleotides. This was seen in both SW1736 and
FTC133 cells, somehow with a more profound effect was
seen in the former cells. In contrast, specific knockdown of
IQGAP3 showed no effect on colony formation of the 2 cells
(FIG. 4). KAT 18 cells, whether wild-type, control, or specific
shRNA transfection, did not grow on soft agar under our
conditions (data not shown).

EXAMPLE 8

Direct Interaction of IQGAP1 with E-Cadherin in
Thyroid Cancer Cells

We also investigated the relationship of IQGAP1 with sev-
eral molecules that had been known to be involved in cancer
cell adhesion, invasion, and progression. Among these was
E-cadherin, a calcium-dependent adhesion molecule, which
was well known for its important role in cell-cell adherence
and its deficiency caused cell migration and invasion in can-
cers (31). As shown in FIG. 4A, the expression of E-cadherin
was normal in SW1736 cells but naturally silenced in KAT18
and FTC133. Interestingly, the protein level of E-cadherin in
SW1736 cells was significantly upregulated with knockdown
of IQGAP1, suggesting that [QGAP1 normally interacts with
E-cadherin to downregulate it and weaken the cell adherence
system, thus promoting cell migration and invasion. In con-
trast, the expression of cdc42 was not aftected by knockdown
of IQGAPI1 (FIG. 4A), suggesting that the change in E-cad-
herin was specific. Similarly, IQGAP1 knockdown had no
effect on the phosphorylation of focal adhesion kinase (FAK)
and Src, which were both previously suggested to play a role
in thyroid cancer cell invasion and migration (ref. 32; FIG.
4A).

To show a direct interaction of IQGAP1 with E-cadherin,
we carried out co-IP assay for the two in SW1736 cells. As
shown in FIG. 4B, E-cadherin showed up in the precipitates
when immunoprecipitated with IQGAP1 antibodies but not
with control nonspecific IgG antibodies, showing that these 2
proteins directly interact and complex with each other in
thyroid cancer cells. In contrast, co-IP using IQGAP1 anti-
bodies failed to show a band of cdc42, suggesting the lack of
direct interaction between IQGAP1 and cdc42 in thyroid
cancer cells (FIG. 4B). This result also suggests that the
interaction of IQGAP1 with E-cadherin was a specific event.
However, the results on the relationship between IQGAP1
and cdc42 do not rule out the possibility that the activity of
cdc42, not the protein level, could be affected by IQGAP1.
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SEQUENCE LISTING

<160> NUMBER OF SEQ ID NOS: 32

<210> SEQ ID NO 1

<211> LENGTH: 19

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: shRNA target sequence for IQGAPl, nt 763-781

of ¢DNA with translation start site set at +1

<400> SEQUENCE: 1

gcatccactt accaggata

<210> SEQ ID NO 2

<211> LENGTH: 19

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

19

<223> OTHER INFORMATION: scrambled control for shRNA target

<400> SEQUENCE: 2

gccacccata gaaattteg

<210> SEQ ID NO 3

<211> LENGTH: 19

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: shRNA target for IQGAP3,

<400> SEQUENCE: 3

ggacctgage aagctagaa

<210> SEQ ID NO 4

<211> LENGTH: 19

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

19

nt 4004-4023

19

«<223> OTHER INFORMATION: scrambled control for IQGAP3 shRNA

<400> SEQUENCE: 4

gccaacggac gtaatgaag

<210> SEQ ID NO 5

<211> LENGTH: 9

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: part of construct for shRNA

19
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-continued

<400> SEQUENCE: 5

ttcaagaga 9

<210> SEQ ID NO 6

<211> LENGTH: 7

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: part of construct for shRNA

<400> SEQUENCE: 6

tttttte 7

<210> SEQ ID NO 7

<211> LENGTH: 11

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: part of construct for shRNA

<400> SEQUENCE: 7

tcgagaaaaa a 11

<210> SEQ ID NO 8

<211> LENGTH: 9

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: part of construct for shRNA

<400> SEQUENCE: 8

tctecttgaa 9

<210> SEQ ID NO 9

<211> LENGTH: 20

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: forward primer for IQGAPl, exon 19

<400> SEQUENCE: 9

tgcatccatt cttgcctgtg 20

<210> SEQ ID NO 10

<211> LENGTH: 24

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: forward primer for IQGAPl, exon 20-22

<400> SEQUENCE: 10

ttgatgcttg ggaagtaata tgtc 24
<210> SEQ ID NO 11

<211> LENGTH: 24

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: forward primer for IQGAPl, exon 23

<400> SEQUENCE: 11

agacaatgct atttcctgag acgt 24

<210> SEQ ID NO 12
<211> LENGTH: 24
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19

-continued

20

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: forward primer for IQGAP1,

<400> SEQUENCE: 12

tgtttcgtet gttccagatt attg

<210> SEQ ID NO 13

<211> LENGTH: 21

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: forward primer for IQGAP1,

<400> SEQUENCE: 13

ttgttgctece tgatgecttt g

<210> SEQ ID NO 14

<211> LENGTH: 19

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: forward primer for IQGAP3,

<400> SEQUENCE: 14

agctctggaa agccaacgt

<210> SEQ ID NO 15

<211> LENGTH: 20

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: forward primer for TMEMS84,

<400> SEQUENCE: 15

ggtgatgggc aggataagag

<210> SEQ ID NO 16

<211> LENGTH: 25

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: forward primer for beta-actin exon 4

<400> SEQUENCE: 16

tcacccacac tgtgeccate tacga

<210> SEQ ID NO 17

<211> LENGTH: 21

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: reverse primer for IQGAP1,

<400> SEQUENCE: 17

tgaccgttta ttacccctge t

<210> SEQ ID NO 18

<211> LENGTH: 23

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: reverse primer for IQGAP1,

<400> SEQUENCE: 18

exon 29

exon 29

exon 19

exon 3

exon 19

exon 20-22

24

21

19

20

25

21
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-continued

22

aaagaggtct gtggagaata ccc 23

<210> SEQ ID NO 19

<211> LENGTH: 22

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: reverse primer for IQGAPl, exon 23

<400> SEQUENCE: 19

gctettatgg cagtagctga gg 22

<210> SEQ ID NO 20

<211> LENGTH: 24

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: reverse primer for IQGAPl, exon 29

<400> SEQUENCE: 20

tccacagact ctcttaagca cttg 24

<210> SEQ ID NO 21

<211> LENGTH: 20

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: reverse primer for IQGAPl, exon 29

<400> SEQUENCE: 21

gcaatggagc ccagatttcg 20

<210> SEQ ID NO 22

<211> LENGTH: 20

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: reverse primer for IQGAP3, exon 19

<400> SEQUENCE: 22

cctcagaaag tgggaatgct 20

<210> SEQ ID NO 23

<211> LENGTH: 19

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: reverse primer for TMEM84, exon 3

<400> SEQUENCE: 23

cctteccaggt gaggaatcg 19

<210> SEQ ID NO 24

<211> LENGTH: 23

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: reverse primer for beta-actin exon 4

<400> SEQUENCE: 24

tcggtgagga tcttcatgag gta 23
<210> SEQ ID NO 25

<211> LENGTH: 21

<212> TYPE: DNA
<213> ORGANISM: Artificial Sequence
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-continued

<220> FEATURE:
<223> OTHER INFORMATION: sequencing primer for IQGAPl, exon 19

<400> SEQUENCE: 25

tgaccgttta ttacccctge t 21

<210> SEQ ID NO 26

<211> LENGTH: 23

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: sequencing primer for IQGAPl, exon 20-22

<400> SEQUENCE: 26

aaagaggtct gtggagaata ccc 23

<210> SEQ ID NO 27

<211> LENGTH: 24

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: sequencing primer for IQGAPl, exon 23

<400> SEQUENCE: 27

agacaatgct atttcctgag acgt 24

<210> SEQ ID NO 28

<211> LENGTH: 24

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: sequencing primer for IQGAP1l, exon 29

<400> SEQUENCE: 28

tgtttcecgtet gttccagatt attg 24

<210> SEQ ID NO 29

<211> LENGTH: 20

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: probe IQGAP1l, exon 29

<400> SEQUENCE: 29

catcattgac ctgtcagcag 20

<210> SEQ ID NO 30

<211> LENGTH: 20

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: probe for IQGAP3, exon 19

<400> SEQUENCE: 30

ctttgttatc cagctccagg 20

<210> SEQ ID NO 31

<211> LENGTH: 20

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: probe for TMEM84, exon 3

<400> SEQUENCE: 31

tgtaatttca cctttctecg 20



US 9,157,123 B2

25

-continued

26

<210> SEQ ID NO 32

<211> LENGTH: 21

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: probe for beta-actin, exon 4

<400> SEQUENCE: 32

atgccctece ccatgecate ¢

21

The invention claimed is:

1. A method of categorizing a papillary thyroid cancer
tissue sample obtained from a human patient comprising the
steps of:

a. performing quantitative real-time polymerase chain
reaction (PCR) on genomic DNA obtained from the
tissue sample using primers that will specifically
amplify the IQ motif containing GTPase activating pro-
tein 1 (IQGAP1) gene, wherein the primers are selected
from the group consisting of SEQ ID NO:9 and SEQ ID
NO:17, SEQ ID NO:10 and SEQ ID NO:18, SEQ 1D
NO:11 and SEQID NO:19, SEQ ID NO:12 and SEQ ID
NO:20, and SEQ ID NO:13 and SEQ ID NO:21;

b. detecting an increased copy number of the IQGAP1 gene
of at least 4 relative to the IQGAP1 copy number in

15

25

normal thyroid tissue or relative to the copy number of a
reference gene in the tissue sample;

. PCR amplifying the BRAF gene from genomic DNA

obtained from the tissue sample using primers that will
specifically amplify the nucleic acid sequence located at
the BRAF T1796A (V600E) mutation site;

. sequencing the amplified PCR product of step (c) to

detect the presence of the BRAF T1796A (V600E)
mutation; and

e. categorizing the thyroid tissue sample as belonging to a

human patient who is likely to experience tumor recur-
rence based on the copy number of at least 4 detected in
step (b) and the BRAF mutation T1796A (V600E) muta-
tion detected in step (d).
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